Iran has diverse climate variability, comfort boundaries for each geographic region must be defined in order to present current architectural design recommendations and proper mechanical systems design to meet building's heating and cooling energy demand. Therefore, two components of the temperature and relative humidity of 148 stations with the longest common statistical period of twenty years (1994 e2014), which have been in daily scale were selected to calibrate and redefine the thermal boundary conditions in Iran. Givoni chart was used to define and visualize the bioclimatic conditions in buildings. The results of this study indicate that only 18% of the 148 stations days, falls in the thermal comfort bioclimatic conditions. After calibration of the base comfort temperature, we found that the upper threshold of this component varies from at least 22.62 C for Ardebil to 25.94 C for Dorudzan station and the low threshold of this component belongs to Ardebil with at least 20.13 C up to its maximum value with 22
Introduction
Building designers require accurate climate characterization and updated articulation of comfort boundary conditions for every project they design and build [1] . Controlling climatic conditions is one of the factors affecting human life, well-being and physical health. The essence of architectural design is to benefit from the favorite climate conditions in every project site using passive and bioclimatic design strategies to achieve thermal comfort with minimum use of active systems [2] . In most of the times, it is impossible to achieve summer and winter comfort in buildings using only passive and bioclimatic design measures. Therefore, mechanical engineers intervene to cover the cooling or heating demand periods using active system, such as heating and cooling system and mechanical ventilation. An essential step for architectural and mechanical engineers in the early design strategies is to define and understand the thermal comfort boundaries of their project to come up with fit to climate design strategies (passive or active) [3] . Givoni's Bioclimatic Chart (see Fig. 1 ) is one of the most used charts to characterize the climate for newly designed buildings [4] . Architects and engineers consider the use of bioclimatic and psychrometric charts as essential in building performance simulation tools to understand and visualize the climate in relation to thermal comfort. The Bioclimatic Chart is based on bioclimatology and aims to help designers to assess their design strategies and their impact on health and human thermal comfort.
In this context, this study aims to inform building professionals and designers about the dominant climatic patterns and comfort thresholds for different regions of Iran. By redefining thermal comfort boundaries for heating and cooling demand in Iran's urban settlements the study presents a significant input that serves as guideline for architects and mechanical engineers. Givoni's Bioclimatic Chart was used to visualize the calibrated comfort boundary conditions and plots from 148 stations that monitor temperature and humidity between 1994 and 2014. A series of figures identify the different climatic zones in Iran and provide updated psychometric charts for the six main urban cities to assess their potential of thermal comfort and bioclimatic design strategies. The research methodology is based on statistical analysis and climatology models. The study sheds the light on the quantity and quality of frequency of occurrence of days with thermal comfort and illustrates the bioclimatic conditions for some selected stations including Rasht, Gorgan, Bushehr, Bandarabbas, Esfahan, Ahvaz, Ardebil, Shahrekord, Hamedan, Tabriz, Qom, Tabas, Mashhad and Sanandaj. The characterization of different climatic regions and calibration of base temperatures for heating and cooling degree days leads to more accurate estimation of energy supply in the building sector. The paper key findings open the discussion on the implications for building designs and give to architects and engineer an overall view and guidance to better understand the climate characteristics and comfort boundary conditions. Strength of this article is based on defining the bioclimatic comfort boundary thresholds for Iran and the HDD and CDD, which was not reported previously in any similar studies. The study of Roshan et al. [5] , is the only study that calibrated temperatures of the upper and lower thresholds for thermal comfort using Olgyay chart. However, Olgyay is mainly appropriate for bioclimatic conditions outside the building and in mid geographical latitudes of Iran. The strength in this study relies on using the Givoni-Milne bioclimatic chart, which is appropriate for assessing the potential thermal comfort conditions inside buildings.
This paper is organized into six sections. The first section identifies the research context and purpose. The second section is a literature review that defines the history of bioclimatic charts and their role to achieve thermal comfort and recommends climate responsive design strategies for architects and engineers. The literature review forms the basis for the calibration and statistical analysis and is discussed in the materials and method section (3) . The monitoring and analysis results are discussed in section four. The final two sections are discussing the findings and providing feedback to climatologist and building designers.
Literature review
This section presents the state-of-the-art with respect to climate and weather characterization coupled to thermal comfort and bioclimatic charts for design decision support. The content is intended to aid the reader in better understanding areas of active research in comfort threshold identification and as well as guidelines and methods commonly used by designers and climatologists.
Bioclimatology
Bioclimatology is the science of studying and assessing the impact of weather and climate on living organisms including plants, animals and humans [7, 8] . The comfort conditions mean a set of conditions which is thermally tolerable for 80% of people or in other words the condition in which human does not feel cold and hot. In fact, thermal comfort is where there is broad satisfaction with the thermal environment i.e. most people are neither too hot nor too cold [9] . Based on ASHRAE Standard 55 thermal comfort is "that condition of mind that expresses satisfaction with the thermal environment" [10] . As an appropriate strategy to interpret the climatic conditions of a region, comfort zone has always been determined based on several climatic parameters and it has been displayed on a graph so that by implementing daily or monthly climatic conditions one can determine if comfort conditions for occupants of buildings have been provided or they have failed to provide it. The most important variables which influence the condition of thermal comfort are: activity level (heat production in the body), thermal resistance of the clothing (clo-value), air temperature, mean radiant temperature, relative air velocity, and water vapor pressure in ambient air. In many comfort studies all the above-mentioned six variables have not been controlled, measured or reported. In other studies the variables have been controlled and the effect of one or two variables has been determined, with no attempt to generalize the results beyond the actual test conditions [11] . In the proposed graphs two climatic variables have been shown combined with each other to determine the thermal comfort zone. For example, the relationship between air temperature and mean radiant temperature (MRT) is shown by the graph in Fig. 1a . The shaded region indicates an average zone for human thermal comfort. The graph is based on test data from lightly clothed subjects engaged in sitting activities. Relative humidity is 50% and air velocities range from about 0.08 to 0.3 m/s for the data presented. The relationship between moving air stream temperature (i.e., amount above or below room air temperature) and air velocity is shown by the graph in Fig. 2b . The shaded region indicates an average zone for human thermal comfort. The relationship between air temperature and relative humidity is shown by the graph in Fig. 2c . The graph is based on test data from lightly clothed subjects engaged in sitting activities. The shaded region indicates an average zone for human thermal comfort [12] .
History of bioclimatic chart
Houghton and Yaglou in 1923 for the first time generated Effective Temperature index by displaying comfort lines on the psychrometric chart. The advantage of this index compared to other studies was considering three variables of temperature, humidity and air flow. Later Corrected Effective Temperature replaced this index in which radiation also was considered as the fourth factor (Fig. 3a) . Actually it has been found, however, that if globe thermometer readings are used in these nomograms in lieu of the dry bulb temperature values, the subjective reactions to radiant heat exchange are adequately allowed for [13] . Victor Olgyay is the first researchers attempting to draw the bioclimatic chart. Bioclimatic design employs appropriate technologies and design principles based on a reflexive focus on the climate and environment [14] . Olgyay arrived at the idea, that there is no point in constructing a single-figure index, as each of the four components are controllable by different means. In his bioclimatic chart, the comfort zone is defined in terms of dry bulb temperature and relative humidity, but subsequently it is shown by additional lines, how this comfort zone is pushed up by the presence of air movement and how it is lowered by radiation [13] . Olgyay drew bioclimatic chart for men doing sitting activities (Met ¼ 1) and typical clothing insulation (Clo ¼ 1) in tropical regions (Fig. 3b) . In fact, the most effective variables in Olgyay bioclimatic chart are temperature and humidity and he had failed to establish a direct link between the six comfort factors (four climatic factors and two human factors). Also the use of the chart is directly applicable only to inhabitants of the temperate zone of the United States, at elevations not in excess of 305 m (1000 feet) above sea level. To apply the chart to climatic regions other than approximately 40 latitude, the lower perimeter of the summer comfort line should be elevated about 0.42 C (0.75 F) for every 5 latitude change toward the lower latitudes. The upper perimeter may be raised proportionately, but not above 29.5 C (85 F) [15] . Givoni presented his building bioclimatic diagram on the psychrometrics chart in 1976 [16] . In addition to determining the comfort zone on this chart, he showed the design proposals and required installation by determining some zones in this chart in case if the conditions are not consistent with the comfort zone conditions (Fig. 3c) .
Givoni bioclimatic diagram has been divided into different zones for which it is necessary to use strategies to achieve human comfort within a building [16] .
From this chart it can be inferred that sometimes there are several architectural statements for a particular range of building bioclimatic index, in these cases, the task of the architect is critical, because he must sum up different and perhaps contradictory statements. To make correct decisions in such cases, a thorough knowledge of the behavior of buildings against heat flow and its role in the regulation of environmental conditions is essential [18] . Milne and Givoni [19] have amended and expanded the building bioclimatic chart in 1979 so that they determine more zones to make design suggestions for architects. The Givoni-Milne bioclimatic chart has been widely used in practice and research [14,20e23] . This bioclimatic chart can be used as a tool to decide the proper strategies of bioclimatic design ought to be selected for specific climatic conditions. Therefore it is a pre-design analysis tool that can be used as a guide for the sketch design stage [24] . In Fig. 4a , the Givoni-Milne bioclimatic chart determines the limits of effectiveness of each design strategy to meet the needs of indoor comfort conditions [25] . One of the problems of working with building bioclimatic chart is the complexity of its axis which has made it difficult to find climatic data on it. DeKay and Brown [26] redrew Givoni's bioclimatic chart with the idea of the structure of Olgyay's chart and indeed they implemented Givoni's different and diverse strategy zones on the Olgyay's rectangular chart (Fig. 4b) .
In this chart, five cooling strategies and two heating strategies have been set. In the present study, the proposed bioclimatic chart of DeKay and Brown was drawn more precisely. Also according to Milne-Givoni chart two heating strategies of "Internal Gains" and "Conventional Heating" were added. Also "Humidification" zone for dry climatic condition was added to this chart (Fig. 5) .
Experience has shown that the human adapt their physical condition with the surrounding environment and climate, therefore, contrary to what is stated in the comfort models, comfort zone is never fixed. For example in the adaptive model of thermal comfort, indoor design temperatures or acceptable temperature ranges related to outdoor meteorological or climatological parameters [3, 28] . In this study, researchers have attempted that by calibration of the comfort zone in Milne-Givoni bioclimatic chart for different regions of Iran achieve new numbers in defining comfort in accordance with climatic environmental conditions. Therefore, redefining new thermal comfort boundaries to adapt to the environment is a useful guide for architects and engineers who create environmental designs for buildings that are energy efficient and in harmony with the climate. A calibrated and monitoring based comfort determination is essential to facilitate precise estimation of HDD and CDD for optimal selection and sizing of building services and systems [29] .
Materials and methods
In order to define the thermal comfort boundaries of Iran's settlements. We calibrated the thermal comfort boundaries using the maximum of stations, which jointly have the statistical period of the last twenty years. For this purpose, only 148 stations had the most complete daily statistics of temperature and relative humidity for the years from 1995 to 2014. Therefore, these stations were selected and analyzed. The only limitation we had was 5% of the selected stations had data gaps of 3%, which was recreated using neighboring stations based on linear regression. There are some papers that explain apply of regression model for recreate of data gaps [30e35] .
It should be noted that the meteorological data was obtained from Iran Meteorological Organization [36] . In Fig. 6 , the geographical location of the studied stations with their names have been shown. It should be noted that due to climate diversity of Iran, about 14 stations were selected as representatives of Iran's diverse climatic zones. Some of research processes have been carried for these stations with more details. In Table 1 , the name and climatic characteristics of these 14 stations are shown.
Since the aim of this research is to define and calibrate thermal comfort boundaries for some sample cities in Iran, we identified two dominant methods that can be used. The first method is the based on questionnaires. In this method, people's reactions in different meteorological and bioclimatic conditions, in different seasons of the year, are analyzed for a period of approximately two to three years. On the basis of obtained questionnaires results, the comfort boundaries and bioclimatic classes can get identified. However, despite the strengths of this method two basic problems can slow down the process of research. One is having access to a specified range of participants with specific features and the other is the expectation of the occurrence of different bioclimatic events over seasons of the year. On the other hand, the second method is mainly based using statistical techniques. One advantage of statistical techniques is that with access to climatic data one can achieve good results to calibrate the bioclimatic comfort classes in less time. Therefore, in this study, given that about 148 stations of Iran will be assessed, we eliminated the use of questionnaires because this method will need a very long time with high uncertainty. We decided to use the statistical method or define the dominant climatology behaviors and models. Based on the climatology model, defining and calibrating the comfort boundaries of each station or geographic region is affected by the repeating pattern and frequency of occurrence of days with thermal comfort. In other words, according to of climatic diversity of different geographical areas, each station has a different experience of the frequency of days with thermal comfort so that it is possible that in most cases a station experience these comfort conditions in high humidity and low temperatures. But some stations considering their prevailing climatic conditions experience their maximum frequency of the occurrence of days with comfort at higher temperatures with lower relative humidity. As a consequence people adapt in each area with its prevailing weather conditions. The person who lives in cold and dry weather conditions has a different experience from the comfort days compared with someone who is living in hot and humid climate. The cause of this different feeling about bioclimatic conditions is the existence of different climatic adaptation and behavior change in these climatic zones. Therefore, we are trying to determine a scope of comfort boundaries in which maximum repetition and its frequency for each station has occurred. In other words, by eliminating rare cases of thermal comfort occurred in each station, we are seeking to identify the dominant model of thermal comfort and introduce a new boundary within the scope of thermal comfort. In this study, the new modified Milne-Givoni chart, which has an appropriate application in monitoring of thermal comfort inside the building, is used. As it can be seen in Fig. 5 , this diagram has different bioclimatic zones but our goal is to focus solely on the comfort boundaries. Studying and calibration of other bioclimatic zones is outside the scope of this article. Another important point is that calibrating the comfort boundaries is done just inside the comfort zone that is marked by Givoni chart and the new boundaries of comfort will not extend beyond this zone. Therefore, we determined the maximum concentration zone of data for comfort days of each station, first, using the mean of daily temperature and relative humidity of every day. The distribution of 7305 spots, which belonged to the statistical period of 1995e2014, were plotted on different the Givoni charts. Then, to separate and identify the days inside and outside comfort zones, these days were coded 1 and 0 respectively so days out of the comfort zone which were marked with the code 0, were excluded from the data set. The next step was to focus on the data that had been in the comfort zone. Therefore, corresponding to the days with comfort event, their values of temperature (T) and relative humidity (RH) were determined.
In the next step, based on the average and standard deviation of temperature (relative humidity) total days with the event of comfort of each station were determined (Fig. 6 ). In fact, this process was calculated separately for both temperature and relative humidity. Now based on these temperature thresholds and relative humidity extracted from the previous process, a new comfort zone was defined within the comfort zone of Givoni chart for each station. But the important point is that, if instead of ±s, ±2s and more is used, it causes a part of calibrated comfort zone goes beyond the comfort zone of Givoni chart and its boundary spread to other bioclimatic zones. Therefore, this study focuses only on ±s. The novelty of this study, apart from introducing new base temperatures in order to monitor degree-days of heating and cooling energy demand of Iran's stations, is that the study has managed to calibrate the comfort zone based on two components of temperature and relative humidity and has introduced a new zone. Based on the output of this article, the zoning map of upper and lower threshold of temperature and relative humidity of calibrated comfort zone were drawn and prepared using Kriging Interpolation method.
After determining the threshold of new base temperatures for each station, the amounts of degree-day heating and cooling energy demand of each station was calculated using equations (1) and (2) and these amounts were compared with temperature threshold of 18 C for heating degree-days and 22 C for the demand of cooling degree-days.
In Formula (1) and (2), cooling requirement is calculated by CDD and heating requirement is calculated by HDD for a given period of N days. In these formulae, T is the average daily temperature and q is the base temperature that with regard to the threshold of different percentiles, different numbers are proposed for each station. In Iran, one of the most widely used temperature threshold that is applied for monitoring of degree-days demand of heating and cooling energy is the zone of 18e22 C [38e42]. Therefore the results of present work with the zone of 18e22 C were compared.
Results
In this section, we will report the research major findings. We will present the outcomes of applying the statistical models mentioned in the methodology section and describe through illustrations and tables the frequency of occurrence of days that falls within the comfort zone. Also, this section will report the calibrated thermal comfort boundaries in relation to temperature and humidity. Finally, we compare the results of conventional and calibrated base temperature to estimate the degree-day demand for heating and cooling energy.
Monthly and yearly zoning of frequency of days in comfort zone
In order to prepare a zoning map of the frequency of occurrence of days in the comfort zone, the number of days with the event of comfort were determined based on the statistical period of 1995e2014. The scope of comfort zone is based on Givoni's chart. At this step, the process of thermal boundaries calibration was not done. Based on the total amount of comfort event and regardless of the monthly scale we found that the minimum amount with 401 days of comfort belongs to Anzali station on the Southwest Coast of the Caspian Sea. On the opposite, Karaj station has the maximum amount with 2978 days of comfort event. A significant difference between the maximum and minimum of number of days with comfort event can be seen in Iran. In general, based on the average of all studied stations it was determined that Iran has been in the comfort conditions for 1317 days i.e. 18% of the statistical period of 1995e2014. But based on Fig. 7 , areas such as the far Northwest, Northeast of the country, and the strip along the middle of the southern coast of the country have had the maximum amount of days with the event of comfort. This includes the area, which starts from the Central Plateau of Iran and includes the Middle East Regions of the country and also the Southern coast strip of the Caspian Sea especially the Southwest Coast of the Caspian Sea have had the minimum amount.
In Fig. 8 , the values of comfort occurrence for different months of the year are shown. What is certain is that a large number of stations have not experienced even one day of comfort during the cold season of winter. For example, on January 54, February 57 and March 105 stations in the country had no experience of the event of climate comfort that distribution and spatial distribution of these areas often include northern and western half of the country. Earlier this season, the cold systems of earth's northern latitudes, if having high intensity and penetrating power, include large area even low-latitudes of Iran, this causes cold weather and the conditions of lack of comfort in most regions of Iran. Only in this season, Southern Coastal Strip of Iran have limited experience of cold stress because of the low latitude and due to the effects of the Persian Gulf and Oman Sea water zone, which adjust the cold conditions. This factor has made these regions one of the most ideal areas in terms of thermal comfort in winter. On the other hand, with the coming of the end of winter and beginning of spring. Cold systems from the Southern Hemisphere limit to the Northern and Northwest Strip of the country. Therefore, in the final days of this season, there is a potential for the occurrence of days with cold stress. However, in January, Southeast Areas, the Northern Coast of the Persian Gulf, Oman Sea and the core in the Southern part of Yazd province have the maximum of days with climate comfort. In January, the maximum amount of comfort with 465, 455, 425 and 380 days are for the stations of Abumusa Island, the island of Siri, Jask and Chabahar respectively. But in February, a greater zone of southern half of the country have experienced the occurrence of days with thermal comfort that Abumusa Island with 472 days, Siri Island with 435 days and Jask and Konarak with 413 and 400 days have had maximum comfort event. In March, the condition become a little more different and the minimum of comfort event expands as a strip from the North West to North East of Iran and another strip has expanded from the North West on the Zagros Mountains to the middle of Iran. In this month, the stations of Bandarabbas, Mynab and Bandare-lengeh respectively with 449 days, 444 days and 443 days, have first to third place of the days with maximum comfort.
With the onset of spring and moderation of cold, more stations have experienced climate comfort conditions so that in April, May and June, respectively with 132, 139 and 113 stations have had some experience of the occurrence of days with bioclimatic comfort which shows more days compared to winter. As a climatic transition, in the beginning and the end of winter a significant difference in terms of the occurrence of minimum and maximum thermal comfort can be seen for different regions of Iran. At the beginning of this season, in other words, in April, the Northwest to the Northeast Strip of Iran and the strip located on the Zagros Mountains show the minimum of days with comfort event. On the other hand, the South West of Iran and Middle Eastern borders of Iran have maximum comfort days. However, upon reaching the middle and end of the spring, the strip of Northwest to Northeast of the country, the northern slopes of the Alborz along with the Zagros Mountains experience a different situation compared to the beginning of the season which is maximum comfort days for these regions. Interestingly, the Southern Coast of Iran and a core in the center of Iran, which is the location of the central deserts, including the Loot Desert have the minimum frequency of days with comfort. In April, Safiabad station with 440 days, Tehran-Shemiran station with 731 days in May and in June two stations of Kabutarabad in Esfahan and Kangavar in Kermanshah with 517 days jointly have had the maximum of the event. With the start of summer in Iran, the number of stations that have experience climate comfort conditions decreases compared to the spring so that in July, 104 in August 110 and in September by decreasing of the hot period of the year, 123 stations have experienced bioclimatic comfort conditions. As it can be seen in Fig. 8 , at the beginning of this season, eastern and southern half and Southern Coasts of Iran are outside the threshold of thermal comfort but the differences between these zones in terms of the mechanism of the event of lack of comfort can be seen. So that for desert and dry areas of central Iran, extremely high temperatures during the day and low relative humidity in these areas are main factors limiting comfort conditions that these conditions can be observed for the eastern half of the country. But in the coastal strip of South Iran, the maximum temperature and relative humidity can cause heat stress. On the other hand, the Southern Coasts due to the low latitude are strongly influenced by the Azores high pressure in summer, which prevents air masses rise and causes increased rainfall which consequently causes humid conditions. Moreover, in some parts of this coastal strip especially the Southwest, warm and dry systems are originated from the territory of Saudi Arabia and Iraq, penetrate into these areas and exacerbate the conditions of lack of comfort and thermal stresses. In this season, the country's highlands which are mostly in North West and the northern slopes of the Alborz experience more ideal comfort conditions. However, the output shows that generally two stations of Kuhrang with 578 days in July, Shahrekord with 589 days in August and Tehran-Shemiran with 720 days in September have maximum of days with comfort.
By the end of summer and beginning of autumn, thermal stresses in Iran decline sharply, so that in October 134 stations, from among all stations, with different frequencies are located in the comfort zone. In this month, Safiabad station with 379 days compared to other stations has had the highest frequency of the comfort event. As it gets colder in November and December, the number of stations in the comfort zone has reduced, and its number reaches to 78 in November and in December its number reduces to 42 stations. In other words, the outputs show that despite desirable bioclimatic conditions in the beginning of autumn the minimum occurrence of thermal comfort regarding the frequencies of the stations belongs to the middle and the end of this season. In October, the spatial distribution of the maximum frequency of comfort event belongs to the South West and North East of Iran. Also in November and December, the maximum frequency of comfort event shifted to the southern of half of country and special North of Coast Sea of Oman.
In general, in November Jiroft with 382 days and in December Jask with 442 days have experienced more comfort event compared to other stations ( Fig. 9k and l) .
In Fig. 9 , the percentage of the number of stations which in each month have been in the comfort conditions are shown. This graph shows that in the cold months from November to February more undesirable comfort condition can be observed. Also this figure show coefficient of variation (CV) of frequency of the number of days in the comfort zone for difference months. This graph shows that maximum CV is belong to the cold months from November to February and minimum CV have been calculated for spring and summer seasons.
Calibrated comfort zone for selected stations
The outputs of this section of the study show upper and lower thresholds of calibrated comfort zone using the values of temperature and relative humidity components based on which this zone has been identified for each station. Based on Table 2 , the values of these thresholds are exactly specified for each study station but based on Fig. 10 , spatial distribution of these thresholds are shown in the form of zoning on Iran's map. As Table 2 indicates, based on the component of above threshold relative humidity, the minimum of this component with 24.68% is for Eghlid station and its maximum with 80% belongs to Rasht station. While the fluctuations of the component of below threshold relative humidity vary from at least 20.05% for Kerman to 68.95% for Babolsar station. In total, the existence of the Persian Gulf and Sea of Oman in the Southern Strip and Caspian Sea in the Northern Strip of the country, increase the maximum threshold of relative humidity. On the other hand, the Iranian Plateau and Eastern border regions have the minimum threshold of relative humidity. However, by moving from the center to the northern half and the southern coast of Iran the amount of this component has increased.
Regarding the component of above threshold temperature, fluctuations based on the study stations have varied from its minimum with 22.62% for Ardebil to 25.94% for the station of Dorudzan. However, the difference between the minimum and the maximum threshold of the component of below threshold temperature also shows that Ardebil station with 20.13 C has the minimum value and its maximum value with 22 C belongs to Dorudzan. The interesting point is that the difference between mini-max thresholds of the component of above threshold temperature in Iran is greater than the component of below threshold temperature ( Table 2 ). According to the Fig. 11c, d , the spatial distribution of two components of above and below threshold temperature has been shown. It is important to note that the maximum threshold for these two components for some areas of the half of the Northeast, western half and some central parts of the country can be seen and the minimum threshold of these two components can be seen for South and North Coasts of Iran. As it can be observed in Fig. 11a and b, high relative humidity is the cause of low threshold temperature of thermal comfort for two components of above and below threshold temperature in the North and South coastal areas so that the occurrence of days with comfort in these areas occurs as the result of combination of relatively lower temperature with high relative humidity. But for other areas such as the North East, North West and also cores in the West and the Center of Iran, thermal comfort occurs in higher temperatures and low relative humidity. Furthermore in order to reveal some details for the calibrated comfort zone for different climatic zones of Iran, 14 stations were used as the representatives of these areas which the results of this calibration can be seen in Fig. 11 . Rasht and Gorgan stations are representatives of Caspian climatic type are located in Southwest and Southeast coasts of Caspian Sea respectively. For both of these stations, relative humidity thresholds of the calibrated comfort zone show higher values compared to other stations. The minimum threshold of relative humidity for Rasht was 58. 41 and it has been 57.63% for Gorgan and the upper threshold of the relative humidity for the two stations has been 80 and 74.21%, respectively. On the other hand the threshold of temperature component in these two stations compared to other study stations show almost a lower value. This condition for Rasht station with the minimum temperature threshold of 20.95 C and maximum amount of 23.70 C compared to Gorgan with minimum and maximum temperature threshold of 21.23 and 24.43 C is more considerable. As Fig. 12a and b indicates, calibrated comfort zone for Rasht compared to Gorgan, is concentrated on the extreme eastern border of the diagram's comfort zone but the situation is less severe for Gorgan. In the following, two stations of Bushehr and Bandar Abbas from the coastal climatic zone and Southern Islands of Iran have been selected.
As Fig. 12c The comparison between the stations representatives of northern and southern coasts of the country specifies that the difference between the maximum and minimum base comfort temperature for the northern coasts has been less than the southern coasts and in other words this bandwidth of thermal comfort is slightly greater for southern coasts. For example, in Rasht this bandwidth of thermal comfort is 2.75 C while its value for Bushehr is 3.66 C. Only Esfahan has been selected from plain climatic zone which it can be seen that the range of calibrated comfort zone for temperature is from at least 21.57 to the maximum of 25.75 C and relative humidity has been from the minimum of 21.54 to the maximum of 33%. As (Fig. 12e) shows one of the characteristics of this station is the occurrence of comfort days in the combination of low relative humidity and relatively high temperature. As this condition is clearly visible on the diagram, the calibrated area has concentrated on the western borders of the diagram. Figure 12h , Calibrated range of the comfort zone for this station has been transferred to the western borders of the diagram and actually comfort conditions for this station is experienced low relative humidity and almost high temperature threshold. On the other hand, for Ardebil minimum and maximum threshold of relative humidity and calibrated temperature include values of 47.25 and 71.15% respectively and for temperature they have been 20.13 and 22.26 C. Based on Figure 12g , it is clear that calibrated zone lean towards the right side of the diagram and unlike Shahrekord station, mostly comfort conditions occur in higher relative humidity and lower temperature. In the difference between the thermal comfort zone of these two stations is seen that its width for Shahrekord has been 3.56 C which shows greater value compared to Ardebil with 2.48 C. for the climatic zone of elevated foothills two stations of Hamedan and Tabriz were selected which the calibrated range of minimum and maximum relative humidity and temperature are very close to each other for these two stations so that relative humidity values for each other for these two stations ( Fig. 12j and k) . Qom and Tabas stations have been selected as samples of climatic zone of deserted area which primarily based on the Fig. 12l . In both of these stations similar to Hamedan and Tabriz stations, the range of calibrated comfort zone has leaned towards western half of the diagram. On the other hand, other similarities between the two stations of the climatic zone of deserted area with climatic type of elevated foothills are very little difference of sample stations of these two climatic types with each other in the thresholds of the base comfort temperature and also their slight difference in bandwidth of the comfort temperature. So that for Qom and Tabas this bandwidth is approximately 4 C but for Hamedan and Tabriz it is almost 3.90 C. Also in both climatic types calibrated relative humidity thresholds of the stations are in the same range. However, calibrated range of minimum and maximum relative humidity and temperature for Qom has been 23.78% and 40.45%. On the other hand, these ranges for Tabas include 20.64 and 37.27% and for temperature they have been 21.26 and 25.26 C. The only difference between these two stations of the desert climatic type is higher calibrated relative humidity for Qom compared to Tabas (few percent) and also lower calibrated temperature threshold of Tabas compared to Qom (a few hundredths of a percent). Finally, from low-lying foothills two cities of Mashhad and Sanandaj were selected. The first comparison between two stations of this climatic type reveals that thermal comfort for Sanandaj can be observed in nearly a lower relative humidity compared to Mashhad. In fact, the calibrated zone for Sanandaj is limited to the western end of the diagram while for Mashhad; it extends from the half of diagram towards western borders. On the other hand merely because of the Fig. 12m and n it becomes evident that the width of calibrated comfort zone for Mashhad is wider than Sanandaj. So if the calibrated values are considered, it is observed that minimum and maximum calibrated relative humidity for Mashhad includes values of 25.48% and 46.58% that the difference of these values shows a width of 21.10%. But for Sanandaj, this width based on the minimum and maximum values of 22.97 and 35.29% includes the value of 12.32%. On the other hand, regarding the threshold of the calibrated base temperature, bandwidth and specified thresholds very little difference can be seen. So that the minimum and maximum base comfort temperature for Mashhad include values of 21.63 and 25.75 C and for Sanandaj they are 21.52 and 25.79 C.
Comparing the base temperatures used to monitor degree-day demand for heating and cooling energy
Many studies have been conducted in Iran on the monitoring of heating and cooling energy demands by using HDD and CDD [5,43e45] . In these studies, regardless of bioclimatic characteristics and prevailing climatic conditions of the region, thresholds such as 18 to 22 or 18 to 24 or 25 C are used to monitor HDD and CDD so that in the previous studies no difference in selecting base temperature of the different climatic types is seen and all stations with different types of climate are assessed for their need to degree-day cooling and heating energy based on a similar threshold. Therefore, at this point of the study, using calibrated base temperature, HDD and CDD values were calculated for different stations and these results with base temperature of 18 C were used for calculating HDD and the temperature of 22 C was used to monitor CDD. It should be noted that Fig. 12 has been drawn based on the annual average of degree-day heating and cooling energy demand using the statistical period from 1995 to 2014. At first, based on the CDD atlas using base temperature of 22 C it is observed that northern half of Iran requires less cooling energy for cooling the indoor environment compared to Iran's southern half however northeast areas of Iran, North West and parts of the southwest coasts of the Caspian Sea have the minimum need for cooling energy While the coastal strip of the south has the maximum cooling energy demand. On the basis of calibrated base temperature (Fig. 13a) in terms of spatial distribution, minimum and maximum values of CDD for different regions of Iran have no difference with Fig. 13c , which is based on the base temperature being 22 C and constant for all zones. Whereas in terms of the amount, the differences are remarkable in some areas. In general, the average of CDD demand based on the all study stations is 770 degree-day calories while based on the base temperature of 22 C, this average for Iran is 1137 day-degree calories. Based on the both, the minimum energy requirements of CDD belong to Ardebil which its annual average based on the calibrated base temperature is 5.77 grade-day calories and on the basis of the threshold of 22 C, the number of 9.26 degree-day is calculated per year. On the other hand, maximum demand for CDD belongs to Doshantapeh station which has been calculated to be 5121 degree-day calories based on the calibrated base temperature. This amount regarding the base temperature of 22 C is 6038 degree-day calories per year. On the other hand, based on the criterion of a minimum of 1000 degree-day calories of cooling energy and considering the basis of the calibrated base temperatures, it becomes clear that 40 stations require annual amounts of more than 1000 degree-day calories so that comfort conditions inside the building can be provided and only 4 stations of Dehloran, Ramhourmoz, Shushtar and Doshantapeh require values more than 2000 degree-day calories be provide comfort conditions inside the building. The focus of these stations has been on the south-western regions of Iran i.e. Persian Gulf's Northwestern Coast. But based on the base temperature of 22 C it is revealed that the number of 65 stations needs at least 1000 degreeday calories per year for cooling that by considering the criterion of at least 2000 degree-day calories per year their number has reduced to 26 stations of which 25 stations require an annual average of 2031e2091 degree-day cooling energy and only Doshantapeh station with 6038 degree-day calories, requires more cooling power compared to the other station. However, on the basis of a base temperature of 22 C, the focus of stations that require at least 2000 degree-day calories per year for cooling has extended from southeastern half of Iran to the Northeast Coast of the Persian Gulf and Oman Sea, Fig. 13c .
The results of calibration of the base temperature for calculation of HDD show that the average of this index for the entire of Iran is 2168 degree-day per year and based on the base temperature of 18 C it has been 1551.4 degree-day calories per year. But the difference between the minimum and maximum of this index based on the calibrated base temperature belongs to Abumusa Island with 33 degree-day calories and its maximum with 4973 degree-day has been for Esfahan-airport. But considering the base temperature of 18 C it is found that Abumusa island station needs an average of 1.19 degree-day calories for heating during the year and Zarrineh with 3717 degree-day calories per year has had the maximum heating energy demand. Therefore, a significant difference can be seen between the results of calibrated base temperature with base temperature of 18 C based on Fig. 13d , it can be seen that by using base temperature of 18 C, the maximum need for heating energy belongs to two main cores in the far North East and North West of Iran and the southern half of the country with a focus on the northern coast of the Persian Gulf and Sea of Oman has had the minimum HDD. However, by using calibrated base temperatures show that the maximum need for heating energy has expanded further than a small core in the extreme northeastern and northwestern Iran and this zone has been extended particularly on the Zagros mountains in a strip from North West -South East to central areas of Iran (see Fig. 13b ). Finally, based on the minimum heating energy of 1000, 2000 and 3000 degree-day calories per year for the calibrated base temperature it was found that 119, 86 and 41 stations are located in each of these classes that by providing required energy meet the comfort conditions inside the building. But for base temperature of 18 C, 104, 50 and 10 stations require minimum of 1000, 2000 and 3000 degree-day calories in order to provide comfort conditions inside the building.
Discussion and conclusion
By analyzing long-term monitored weather data we identified the behavior and prevailing climate patterns in Iran based on the bioclimatic chart. In order to calibrate the thermal comfort boundaries of different ecological regions of Iran, the perspective of the dominant climatic pattern of each region, with regard to the quantity and quality of frequency of occurrence of days with thermal comfort, has been used. The following discussion highlights the key study findings and elaborates on the study strength, limitations and future work.
Summary of main findings
Among the results of the current study it was found that the upper threshold of this component varies from at least 22.62 C for Ardebil to 25.94 C for Dorudzan station and the lower threshold of this component belongs to Ardebil with at least 20.13 C up to its maximum value with 22 C which belongs to Dorudzan. Therefore, significant differences can be seen in the upper threshold of the base comfort temperature among Iran's stations but regarding the lower threshold of the calibrated comfort temperature, this difference shows a significant decrease. A similar result can be seen in the work of Roshan et al. [5] for 12 selected stations of Iran. So that there is a little difference between lower threshold of the base comfort temperature for the observation stations but considering the upper threshold, the difference is more evident among stations.
Another finding of this study is the combination of the two components of temperature and relative humidity in the spatial distribution of bioclimatic comfort conditions in Iran So that the maximum temperature threshold for the occurrence of bioclimatic comfort conditions belong to cores in the northeastern half of Iran, Iran's western half and some central parts of Iran and the minimum of the component of calibrated temperature threshold belong to north and south beaches of the country. The reason for this event is the occurrence of comfort days especially in the coastal strip in the south of the country due to the combination of relatively lower temperatures with high relative humidity while for other areas such as the North East, North West as well as areas in the West, the occurrence of thermal comfort has occurred at higher temperatures and lower relative humidity. Similar results have been obtained in the study for the North West and West regions of Iran by Orosa et al., [46] . These results based on the Humidex index that combines two components of temperature and relative humidity showed that the most ideal comfort conditions for these areas are from the late spring to late summer. Also similar to the results of the present study, Dehghan, et al. [47] in a study for southern coast of Iran showed that the most important inhibiting factor of bioclimatic comfort in these areas, particularly in the hot period of the year, are temperature and relative humidity. Therefore the event of comfort in these areas occurs in the situation that one of these two components is lower compared with the other one. Based on the frequency of days of comfort it became clear that spring is the most ideal season in terms of climatic comfort in Iran. With the onset of spring and moderation of cold, more stations experience climatic comfort conditions. So that in April, May and June, respectively 132, 139 and 113 stations have had some experience of days with bioclimatic comfort conditions. But in the other seasons, the frequency of the stations which have experienced comfort event is less than spring.
In the present study it also was found that maximum need for CDD belongs to Doshantapeh station which is located in Khuzestan plain. So that based on the calibrated base temperature, it has been calculated to be 5121 degree-day calories per year and this amount considering base temperature of 22 C is 6038 degree-day calories per year. Roshan et al. [8] in order to investigate the moderating effect of Urumieh water zone on the moderating of heating and cooling energy needs of the neighboring towns indicated that in case of drying of the Urumieh Lake generally, the values of heating and cooling energy requirements for the neighboring towns will increase. But in general, the maximum energy requirement of the cities during the year belongs to HDD and the need for CDD is in the lower range. As it can be seen in the current study, for the cities of western half and North West of the country, the demand for heating energy is higher than cooling energy which is a confirmation of the results of the present study.
Strengths and limitations of the study
The study strength is based on its methodology using statistical analysis to determine the comfort boundaries for different Iranian cities and regions based on the repetition and frequency of temperature and humidity values. Moreover, the use of 14 representative weather stations for the period of 1995e2014 allowed us to generate valuable maps and thresholds for heating and cooling degree days and their spatial distribution over the whole country. We claim that this methodology can be used in other countries and regions to determine the cooling and heating degrees thresholds rapidly and accurately. According to the results described in this study, in some other studies similar results have been found which confirm the findings of the present study. The findings of Daneshvar et al. [48] showed that spring months, especially April, had the most appropriate condition for thermal comfort in most regions of Iran [48] . Daneshvar et al. used long-term average monthly data to estimate PET index and examined thermal comfort conditions during different months of the year. Their results showed that thermal comfort conditions prevail during the winter months on the southern part of the country and along the shores of the Persian Gulf and Oman Sea. In the stations of west to northwest of Iran, for example in Tabriz, the most frequent thermal comfort condition appears in the form of two peaks, i.e., in late spring as well late summer and early fall. Farajzadeh and Matzarakis [49, 50] and Farajzadeh et al. [51] investigated thermal climate and tourism climate conditions for the areas of northwest of Iran using PET. Based on calculations of PET in Urumieh Lake coast, it is shown that the months June to September are located in the comfortable class representing the most suitable months for tourist activities. Esmaili and Fallah Ghalhari [52] proved that the highest potential of thermal comfort in Iran was related to spring.
In the following, the results obtained from examining the maps of frequency of days with comfort and annual need for degree-day heating and cooling in the country suggest the Segmentation of Iran into two macro climatic flat)plain) or Mountains zones. In the warm half of the year, the plain segment of the country which includes plains, southern coasts and Central Plateau of Iran have minimum days of thermal comfort that due to thermal stresses, these areas have maximum need of cooling energy. Roshan et al. [53] in a study showed that the most important inhibiting factor of bioclimatic comfort in Iran are different for different areas. For the Northern Half and the cold season of the year, the most important factor is cold stresses and for the southern half and in the hot period of the year, hot stresses are the most important inhibiting factor of comfort in Iran. Also Esmaili et al. [54] and Rezvani and Mesgarian [55] presented similar results which are similar to the findings of the present study. From the perspective of Ecology, Low-pressure thermal conditions have caused Sultry conditions in the Persian Gulf and the existence of tropical high pressure conditions have created Hot and dry conditions in Khuzestan plain and caused maximum temperature of Iran in this season and in these areas. This is while the effect of humidity of the sea and the arrival of monsoon air masses in the coast of Oman Sea have caused more balanced conditions of temperature compared to the coasts of the Persian Gulf. The average of annual cooling also indicates that the degree of cooling is consistent with altitude changes, latitude, and especially atmospheric moisture content. Northern coasts despite their low altitude but due to higher latitudes and central plateau of Iran, despite being low lands but because of lower relative humidity in warmer seasons and influx of cold and dry air masses in cold seasons have less cooling demand than southern coasts of Iran. But in the cold period of the year, the mountain part of the country which includes mountainous and foothill strip due to maximum cold stresses and minimum thermal comfort have the highest amount of energy needed for heating that its maximum belongs to Azarbaijan plateau in the North West, Zagros Mountains, Alborz and Khorasan province the North East. The energy level of the Caspian Sea coasts because of advancing of the Alborz mountainous points is identical to mountainous areas. In some studies, Masoudian and colleagues [43, 44] investigated the mean total degree days needed (heating and cooling) in the territory of Iran. Based on the threshold temperature of 25 C, they showed that maximum demand of cooling energy belongs to Khuzestan plain and Hormozgan coasts.
Implications for practice and future research
Finally, it is expected that based on the calibrated bioclimatic comfort zone of the study stations, one could have a more appropriate estimate of the amount of energy supply and demand to provide environmental comfort inside buildings. And heating and cooling energy risk management of the urban settlements can be done with more rational criteria. Also it is expected that these new comfort zones can be considered in the architectural design of buildings and planning of heating and cooling installation systems in different climatic zones of Iran in order to reduce extra costs of energy supply. The future work will focus on identifying solar passive features related to building form and orientation, envelope design, shading, use of natural ventilation, internal space arrangements and activities of the habitants for all the climatic zone of Iran.
